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Recent bursts in the incidence of large wildfires worldwide have
raised concerns about the influence climate change and humans
might have on future fire activity. Comparatively little is known,
however, about the relative importance of these factors in shaping
global fire history. Here we use fire and climate modeling, com-
bined with land cover and population estimates, to gain a better
understanding of the forces driving global fire trends. Our model
successfully reproduces global fire activity record over the last
millennium and reveals distinct regimes in global fire behavior.
We find that during the preindustrial period, the global fire regime
was strongly driven by precipitation (rather than temperature),
shifting to an anthropogenic-driven regime with the Industrial
Revolution. Our future projections indicate an impending shift
to a temperature-driven global fire regime in the 21st century,
creating an unprecedentedly fire-prone environment. These results
suggest a possibility that in the future climate will play a consider-
ably stronger role in driving global fire trends, outweighing direct
human influence on fire (both ignition and suppression), a reversal
from the situation during the last two centuries.

biomass burning ∣ fire modeling ∣ human–environment interactions ∣
paleoclimate

Once viewed as local phenomena, fires are now recognized
as a global scale environmental process that has influenced

the atmosphere and biosphere for hundreds of millions of years
(1, 2). Today fires continue to directly influence human society
and affect global climate. With a recent rise in the incidence
of large uncontrolled fires, occurring regardless of national fire-
fighting capacities (1, 3–7), concerns have grown about how
climate change and human activities might impact future fire
regimes. However, it is still unsettled whether climate or direct
anthropogenic influence (fire ignition and suppression) are more
important in determining global fire trends (1).

Recently we have developed a fire representation method for
global climate models (8). We utilize it here for an attempt
to reproduce past millennium fire activity trends and separate
climatic and anthropogenic effects. The method estimates fire
activity based on vegetation density, ambient meteorological con-
ditions (temperature, relative humidity, and precipitation), avail-
ability of ignition sources (lightning and anthropogenic), and fire
suppression rates. We base our historical estimates on simulations
of 850–2003 CE (common era) climate conditions using the
AR4 version of the Goddard Institute for Space Studies (GISS)
general circulation model (GCM) (9, 10), and land-use and popu-
lation density reconstructions from the History Database of
the Global Environment (HYDE) 3.1 (11). The simulated climate
variations and land-use changes are used to estimate baseline fire
activity trends [assuming ubiquitous ignition source distribution
(8)] without any direct human interference. Population densities
are used to assess direct anthropogenic effects (fire ignition and
suppression, both increasing with population density), assuming
fire suppression effectiveness to increase with time. Materials
andMethods and SI Text provide further details on the simulations
setup.

Results
Past Fire Activity. Model results successfully recreate global fire
activity variations reconstructed from sedimentary charcoal
records (12) (Fig. 1A). Until the late 18th century, simulations
either with or without direct anthropogenic influence agree well
with reconstructed data, suggesting that during this period global
fire activity was primarily climate-driven, whereas human influ-
ence remained relatively small. Although this is in general agree-
ment with the charcoal data interpretation (12), we find that
changes in global precipitation, rather than temperature, played
a major role in determining global fire activity variations in
the preindustrial period (SI Text). For instance, the cold and dry
climate during the late 15th century Spörer Minimum (Fig. 1B)
corresponds with increased global fire activity (in both the model-
based and the charcoal-based reconstruction), whereas during
the cold but humid Maunder Minimum (17th–early 18th centu-
ries) global fire activity decreased. In the same epoch, sharp
native population declines in both the Americas, following the
European conquest, led to a decreased number of human-
induced (but not “natural”) fires on these continents. However,
because the overall anthropogenic influence on global fires was
weak then, the estimated global effect of these changes was
relatively small (Fig. 1A).

Following the Industrial Revolution (late 18th–early 19th cen-
turies), human population expanded rapidly (Fig. 1C). Unprece-
dented rates of fossil fuel burning led to the onset of global
warming (Fig. 1B). Over the 19th century both the model- and
the charcoal-based records show sharp increases in biomass burn-
ing (Fig. 1A). Although changing climate and increasing popula-
tion both contributed to this rise, model results suggest a stronger
influence from direct anthropogenic activities, which in the 19th
century became the dominant driver of global fire activity trends
(SI Text). Expanding human population induced rapid land-use
changes. Forests were cleared for agricultural land and pastures,
reducing vegetation density (Fig. 1C), and hence the fuel
amounts, slowing fire activity’s long-term rise. However, the com-
mon tool for land clearing was fire (13–16). Wildfire mapping for
the 1880 US census, for instance, revealed staggering amounts of
burning, predominantly of agricultural origins (15). Hence the
land-clearing process itself could have boosted the number of
fires in the early Industrial Period, contributing to the earlier
increase of fire activity in the charcoal-based record. Extensive
information on the worldwide history of land-clearing fires
(which are currently not depicted in our model) is necessary to
credibly assess their effect on global fire activity variations.
Methane fire emissions reconstructed from Antarctic ice-core
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records (17) suggest a later fire activity increase (Fig. 1A).
Although some skepticism exists as to whether this trend reflects
fire emissions (18), differences between the ice-core and the
charcoal-based reconstructions illustrate uncertainties in past fire
activity (though different smoothing procedures could enhance
differences between these datasets).

Around 1900 there is a sharp downturn in global fire activity,
both in the model- and the charcoal-based records, despite in-
creasing temperatures and decreasing precipitation. In accord
with the charcoal-based interpretations (12), this downturn results
from increasing fire suppression (accompanying population
growth), and decreased vegetation density, but with stronger influ-
ence from direct anthropogenic activity (SI Text). Toward the late
20th century, the charcoal-based records’ uncertainty increases,
and they do not depict, for instance, increased burning in the
tropics and the western United States in the past three decades
(12). Although ice-core reconstructions show an increasing trend
throughout the 20th century, it is likely that the downturn in the
charcoal-based data, reproduced by the model both on a global
scale and at the charcoal sites (SI Text), is real, though late 20th

century fire activity may be higher than implied by the charcoal-
based records.

Future Fires. Overall, the model captures historical trends influ-
enced by a variety of natural and anthropogenic factors remark-
ably well, inspiring some confidence in the model’s projection
of future fires. GISS GCM climate simulations (19), like other
models, predict a significant warming over the forthcoming
century (Fig. 2B). Rapidly rising temperatures and regional drying
reverse the recent fire activity decline, driving a rapid increase
after ∼2050 in all three scenarios examined here, described in the
Intergovernmental Panel on Climate Change Special Report on
Emissions Scenarios (SRES) (20, 21) (Fig. 2A and SI Text). Popu-
lation growth, and to a lesser extent, land-cover change (Fig. 2C),
reduces the increase in fire activity, but does not reverse the long-
term trend, even in theA2 scenario where anthropogenic pressure
is strongest and continues to increase throughout the simulations.
Ironically the more “optimistic” A1B and B1 scenarios that pro-
duce milder warming result in greater biomass burning due to
reversal of land conversion and declining population (and hence
fire suppression).

Fig. 1. Global fire activity, climate, vegetation, and population. (A) Modeled
global fire activity variations (SI Text) with (red line) and without (gray line)
direct anthropogenic influence (ignition and suppression): Red-shaded area
represents uncertainty in the anthropogenic effect assumptions (SI Text);
ice-core methane fire emissions reconstruction (green line) (17) and charcoal-
based global fires reconstruction (blue line) with gray-shaded confidence
interval (12) and blue dashed line indicating increased uncertainty in the late
20th century reconstructions. (B) GISS GCM annual means of the terrestrial
area surface temperature (orange line), precipitation (blue line), and relative
humidity (green line). (C) Global mean population (red line) and vegetation
(green line) densities (11).

Fig. 2. Projected global fire activity, climate, vegetation, and population.
Three SRES scenarios are shown: A2 (“maximum,” continuing past variations
with solid line), A1B (“midrange,” dashed line), and B1 (“minimum,” dotted
line). (A) Modeled global fire activity with (red lines) and without (gray lines)
direct anthropogenic interference; (B) GISS GCM annual means of the terres-
trial surface temperature (orange lines), precipitation (blue lines), and relative
humidity (green lines). (C) Global mean vegetation (green lines) and popula-
tion (red lines) densities (A1B and B1 population scenarios coincide) (21).
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Although global fire activity is projected to increase, this trend
is not uniform worldwide. The broad spatial patterns of biomass
burning trends are quite consistent across the scenarios (Fig. 3)
and largely agree with another estimate (22). Less agreement
is found with projections based on statistical relations between
present-day climate and fires (23), which may be of limited
value when applied to future climate due to shifting fire regime.
Changes in the hydrologic cycle [some of which are robust
features of climate models (24, SI Text)] play a large role in these
projected regional variations, especially because temperatures
rise nearly everywhere. Biomass burning trends in the United
States (Fig. 4A) are a good example of the strong regional influ-
ence of hydrologic cycle changes. Although temperatures rise
throughout the country, it becomes more humid and rainy in the
East and drier in the West (Fig. 4B). Consequently, in the eastern
United States fire activity declines, while rising considerably
in the western United States (Fig. 4A). In both cases increasing
population densities and land-cover changes (Fig. 4C) generally
reduce fire activity. Our modeled 20th century eastern and
western US trends agree fairly well with historical trends recon-
structed for these regions by Mouillot and Field (25) (Fig. 4A).
An exception is the first two decades of the century in the western
United States, where the historical reconstruction shows in-
creased burning, whereas our model indicates decreased fire
activity. Although the historical reconstruction relies on data that
are often too inconclusive to support consistent quantitative
accuracy (25), it is likely that fire activity in the early 20th century
was indeed higher throughout the United States, due to extensive
agricultural fires (15, 25), which are not depicted by our model.
However, the overall correspondence between reconstructed
and modeled past fire trends provides reasonable confidence
in our future regional estimates in areas where precipitation
projections are relatively robust [such as North America, Europe,
and Australia (24)]. Nevertheless, it should be emphasized that
although our projections agree with some regional studies
(4, 26–28), they disagree with others (29), highlighting the uncer-
tainty associated with estimating the future influence of climate
and humans on biomass burning. We also cannot negate the pos-
sibility that future technological or methodological advancements
will drastically improve fire suppression effectiveness, allowing
reduction of fire activity to significantly lower levels.

Discussion
Although we have obtained quite reasonable agreement with
reconstructed fire histories, our estimates of anthropogenic effects
on global fires rely on highly incomplete information on fire-
related human activities. Not only historical, but also comprehen-
sive contemporary global data on anthropogenic ignitions and
fire suppression are currently lacking. There is a need for compre-
hensive knowledge of worldwide anthropogenic fire management
history, especially in the Industrial Period, to better resolve the
role of humans in past fire activity, and more reliably assess their

impact on future biomass burning. Nonetheless, these results
present a major advance in biomass burning representation in
climate models, reproducing the reconstructed millennium-long
fire history. Our results indicate a precipitation-driven preindus-
trial fire regime, shifting to an anthropogenic-driven regime in
the 18th century, and an imminent shift to a temperature-driven
global fire regime in the future. This suggests a real possibility that
fire management policies will have to adapt to a world in which
climate plays a substantially stronger role in driving fire trends,

Fig. 3. Regional patterns of projected fire activity changes. Yellow shades indicate increases, and blue shades indicate decreases in linearized regional fire
activity trends over the 21st century (years 2004–2100) in A2, A1B, and B1 scenarios.

Fig. 4. Past and future fire activity, climate, vegetation, and population in
the United States. Quantities are the same as in Fig. 2, but each plot shows
two regions: the eastern (upper plots) and western (lower plots) United
States. Bars show decadal reconstructions of temporal trends of burned areas
for the two regions (25), which can be qualitatively compared with fire
activity. Bar color indicates reconstruction reliability (25)—“accurate” (black),
“good” (gray), “poor” (light gray), and “very poor” (white).
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outweighing direct human influence on fire, a reversal from the
situation during the last two centuries.

Materials and Methods
Fire activity estimates (see ref. 8 for detailed method description and evalua-
tion) are based on temperature, precipitation, relative humidity, and light-
ning activity generated in AR4 GISS GCM climate simulations and HYDE
(past) and Integrated Model to Assess the Global Environment (IMAGE)
(future) land-cover and population density datasets. Climate during the
844–1880 CE simulations (9) was driven by variations in solar irradiance
[responsible for the vast majority of multidecadal time-scale forced variability
(30)]; 1880–2003 simulations (10) were driven by multiple forcings, including
greenhouse gases, tropospheric aerosols, ozone, solar irradiance, and volca-
nic aerosols; 2004–2100 simulations (19) were driven by changes in the well-
mixed greenhouse gases [the dominant climate forcing over the past few
decades (19)]. Anthropogenic ignition sources are calculated as an increasing
function of population density while assuming that people living in sparsely
populated regions interact more with natural ecosystems and therefore
produce potentially more ignitions (31). Fire suppression rates also increase
with population density (8), with suppression rates kept constant at present-

day level in regions with high population density (occurring relatively
recently), whereas in the unpopulated areas no fire suppression is assumed
at the beginning of the simulations, increasing to present-day levels by
the 21st century, and remaining constant thereafter. Two alternative scenar-
ios were calculated to characterize the uncertainty associated with our
assumptions on past fire suppression rates (defining the boundaries of the
red-shaded area in Fig. 1A); however, the general behavior of the global fire
activity trends remained similar. SI Text provides further discussion of the
setup of the simulations and the uncertainty associated with our assumptions
on fire suppression rates, the contribution of individual model parameters
to the fire activity trend, global fire activity variations vs. variations at the
charcoal sites, zonal fire activity trends, and the data smoothing procedure.
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SI Text
Setup of the Simulations. Fire representation. A recently developed
fire representation method for global climate models (1) provides
a convenient and flexible tool for estimating global fire trends,
while allowing separation of climatic and direct anthropogenic
effects. The method is described in detail in Pechony and Shindell
(1), thus here we will provide only a brief overview. Following
principles of well-established methodologies in wide use by
national land-management agencies (2–4), the algorithm esti-
mates flammability based on vegetation density (i.e., fuel avail-
ability) and ambient meteorological conditions: temperature
and relative humidity (that define the vapor pressure deficit),
and precipitation (assuming an inverse exponential dependence
of flammability on precipitation). The actual number of fires is
then determined based on the availability of ignition sources—
lightning and anthropogenic, and the expected effectiveness of
fire suppression (assumed to increase exponentially with popula-
tion density). Anthropogenic ignition sources are calculated as
an increasing function of population density (5) while assuming
that people living in sparsely populated regions interact more
with natural ecosystems and therefore produce potentially more
ignitions.

Extensive validation of the fire parameterization described
above is documented in Pechony and Shindell (1). The method
was shown to reproduce present-day spatial distributions and
the seasonal variability of global fires in good correspondence
with modern satellite observations by the Moderate Resolution
Imaging Spectroradiometer and Visible and Infrared Scanner
instruments. Two decades of data from the Advanced Very High
ResolutionRadiometer were used to validatemodeled fire activity
variations over the years 1980–2000, showing the ability of the
model to adequately reproduce interannual fire activity variations,
as well as depict the response of global fire activity to climate
perturbations following large volcanic eruptions. Here we exploit
this method for estimating trends of global wildfires from the year
844 to 2100 CE (common era).

Climate and vegetation. Our estimates are based on simulations
of climate conditions over the past millennium using the AR4
(Intergovernmental Panel on Climate Change Fourth Assess-
ment Report) version of the Goddard Institute for Space Studies
(GISS) general circulation model (GCM). We use averages from
an ensemble of six 844–1880 climate simulations (6) driven
by variations in solar irradiance. Though the simulations do
not include other historical forcings such as volcanism, solar for-
cing appears to be responsible for the vast majority of multide-
cadal time-scale forced variability (7). The GISS simulations
capture changes seen in proxy-network reconstructions of
land-area surface temperatures relatively well, especially in the
extratropics, including the temperature fluctuations between
the 15th–18th century Little Ice Age and the Medieval Climate
Anomaly (6), though the overall amplitude of long-term varia-
tions tends to be on the low side of the reconstructed range.
Land-use reconstructions for all historical times are taken from
the History Database of the Global Environment (HYDE) ver-
sion 3.1 dataset (8). Climate simulations over 1880 to 2003 were
driven by multiple forcings, including greenhouse gases (GHGs),
tropospheric aerosols, ozone, solar irradiance, and volcanic aero-
sols, with reasonable agreement between the GCM and the
observed temperatures (9). Future climate simulations (10) are
driven by changes in the well-mixed GHGs, which have become
the dominant climate forcing over the past few decades (10).

Future land-cover projections are taken from the Integrated
Model to Assess the Global Environment (IMAGE) version
2.2 database (11) and include responses of vegetation cover to
GHG forced climate change, as well as changes due to land
use. (Dynamic response of vegetation to fires is not included
in this study, and would become feasible with coupling of the
GCM with a dynamic vegetation model.) Baseline fire activity
trends are estimated from the simulated climate variations and
land-use changes, assuming a ubiquitous ignition source distribu-
tion (1), without any direct human interference. Such trends
conveniently reflect variations in the background flammability
conditions that influence the global fire activity, while also
reflecting the estimated situation in a “world without direct hu-
man-fire interactions,” because the influence of lightning
activity variations on the global fire trend is very small (Fig. S1).

The reconstructions we use for comparison with the modeled
fire trends are all proxies of different parameters, each effectively
reflecting the long-term fire activity trends; we use fire counts
as an identifier of fire activity variations. It should be noted,
however, that over the long time scales considered here, burned
areas calculated from these fire counts using vegetation-weight-
ing technique (1, 12) are highly correlated with fire counts
(Fig. S2) (which is often not the case over time scales of several
years), making the bicentennially smoothed trends of fire counts
and burnt areas virtually indistinguishable.

Ignition sources and suppression effect. To assess direct anthropo-
genic effects (fire ignition and suppression), we rely on popula-
tion density from the same HYDE and IMAGE datasets as used
for vegetation/land use. GISS GCM cloud-to-ground lightning
discharges are used as natural ignition sources. The 1880–2100
simulations did not include lightning; thus for this period we
use the average lightning map from the last decade of the solar
simulations. We assume that this introduces only negligible inac-
curacy to the fire trends, because over the period of solar simula-
tions the influence of variations in lightning activity on the global
fire trend was very weak (Fig. S1). Boundary conditions for pre-
sent-day fire suppression (which is applied to all fires) are set at
the values that have been shown to reproduce the modern fire
activity behavior (1): 95% of fires are assumed to be suppressed
in the most densely populated areas (these suppression rates are
approached when population exceeds ∼100 persons∕km2), and
5% are suppressed in wild, unpopulated areas. Fire suppression
becomes perceptible at densities of ∼1 person∕km2. The result-
ing number of anthropogenic fires increases with population den-
sity, reaching a maximum at densities of ∼10 persons∕km2 and
then falls due to increasing fire suppression (1). Such behavior
is generally consistent with present-day global fire records (1),
but the exact parameters of fire suppression are rather uncertain
and probably vary around the globe. Yet higher uncertainty exists
in the historical values. Because of the lack of comprehensive
global data (historical or contemporary), we make heuristic
assumptions. We know that the history of organized firefighting
and prevention dates back at least to ancient Rome (13), and
probably earlier. Although firefighting effectiveness depends
on technical and economical factors, in general the success of
fire suppression is conditioned by early fire detection. We thus
keep fire suppression boundary conditions constant in heavily
populated regions (note that such dense settlements occur only
relatively recently) and increase them linearly from 0% to the
present-day value of 5% in wild, unpopulated areas. In the future
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simulations we assume fire suppression rates remain at present-
day levels.

To characterize the uncertainty associated with our assump-
tions on past fire suppression rates, we calculate two alternative
scenarios. One assumes identical conditions for the unpopulated
areas (increasing from 0% to 5%), but in and near dense popula-
tions fire suppression rates rise linearly from 50% to present-day
values of 95%. The other assumes present-day fire suppression
levels through the entire simulation period both in human settle-
ments and in the wild (95% and 5%, respectively). The latter case
is probably the lowest estimate, as firefighting in the past could
hardly have been more efficient than it is today. These two
scenarios define the boundaries of the red-shaded area in Fig. 1A
(main text), characterizing the uncertainty associated with our
anthropogenic effect assumptions. In the first scenario (the upper
boundary of the red-shaded area) fire suppression rates in
densely populated regions decrease significantly as we go back in
time, but this has little effect on the global fire activity trend,
because the extent of dense settlements, where these changes
are important, also decreases. In the second scenario (the lower
boundary), changes in fire suppression rates seem less significant,
but they influence the sparsely populated regions that were more
abundant in the past and thus have a more pronounced effect on
the global fire trend. However, the general behavior of the global
fire activity trend remains similar in all scenarios considered here,
corresponding reasonably to the trend reconstructed from the
charcoal records (Fig. 1A, main text). Note that uncertainty in
global mean climate sensitivity or in the input solar forcing would
primarily affect the magnitude of the fire trends and not their
temporal behavior. Uncertainties in the response of the hydrolo-
gic cycle to climate change are larger; however, the major large-
scale features of the response (as noted in the main text and dis-
cussed in the next section) are robust across climate models (14).

Contribution of model parameters to the fire activity trend. To assess
the contribution of each model parameter to the fire activity
trend, we calculated fire activity variations allowing only
one of the parameters to change with time, while keeping others
constant at the year 844 values (Fig. S1). (Hence the variations
are presented around year 844 values, not the preindustrial mean
as in Figs. 1A and 2A in the main text.) The sum of the resulting
individual contributions is quite close to the actual fire activity
trends: to the baseline trend (without direct anthropogenic influ-
ence) when contributions from climate parameters and land-
cover change are summed, and to the trend including anthropo-
genic influence, when summed altogether. These contributions
thus reflect the role of individual model parameters in global fire
trends quite well (though not completely, as they only show the
global means).

During preindustrial times global fire activity variations were
driven primarily by climate and were weakly influenced by the
slowly increasing population; the land-use change contribution
became perceptible after ∼1700 (Fig. S1). Model results suggest
that on a global scale, precipitation (rather than temperature)
played a very important role during this period, accounting for
∼70% of the global fire activity variations (Fig. S1). For example,
the global temperature decrease during the Maunder Minimum
was accompanied by rising precipitation and relative humidity
(Fig. 1B, main text) and corresponds with globally decreased
fire activity, whereas the previous cold but dry Sporer Minimum
(in solar output ∼1430–1470) corresponds with increased fire
activity (in both the model- and the charcoal-based reconstruc-
tion). Examples of long-term fire activity trends controlled by
wet/dry conditions rather than temperature were described in
some regional studies (15–18), although on such small regional
scales other factors may become increasingly important, such
as local anthropogenic pressure or temperature and precipitation
seasonality (e.g., ref. 18). [Over large spatial and temporal scales,

GCM trends of annual and summer temperature and precipita-
tion are broadly coherent (Fig. S4c).] Although GCM precipita-
tion variations are relatively small during the preindustrial period
(Fig. 1B, main text), precipitation influence on flammability is
inverse exponential; thus the effects of these relatively small
changes overwhelm the temperature contribution. Such strong
dependence of flammability on precipitation is not specific to
our model and is reflected in the well-established fire-risk assess-
ment methodologies (2–4). The variations in historical tempera-
ture simulated by the GCM are of reasonable magnitude
compared to reconstructed temperature histories (19), and thus
unlikely to be greatly underestimated. In fact, it appears that
global temperature changes of the magnitude projected for
the future are required to overwhelm precipitation-induced fire
activity variations (Fig. S1), and past millennium temperature
reconstructions (20, 21) do not suggest such strong temperature
variations.

In the industrial era, anthropogenic effect became the main
driver of global fire activity (Fig. S1). Climate change accounts
for ∼20% of the 19th century rise in global burning with the rest
contributed by direct anthropogenic interference (fire ignition)
that also forces the 20th century downturn in the global fire
activity (due to fire suppression). However, in the 21st century,
climate (itself projected to be driven by human activities) reas-
sumes its dominant role in global fire activity variations and
forces a rapid increase in global fire activity after ∼2050. This rise
is caused primarily by rapidly increasing global temperatures
(Fig. S1), accompanied by declining relative humidity and regio-
nal precipitation reductions (despite an increasing global mean).
Although these hydrologic cycle changes are more model-depen-
dent than surface temperature, decreases in precipitation in
Southern Europe, North Africa, Central America, Southernmost
Africa, and at least parts of Australia and the western United
States, as well as precipitation increases in Northern Eurasia,
are robust features of climate models (14). These large-scale
patterns define much of the regional fire activity trends shown
in Fig. 3 (in the main text) and are related to well-known phenom-
ena in the climate system [e.g., the enhancement of the extant
tropical-subtropical precipitation pattern (22) and the strength-
ening of the Northern Annular Mode (23)]. Our projections of
regional trends largely agree with estimates made with higher
resolution models (24), suggesting that despite its coarse resolu-
tion the GCM is able to capture the general large-scale regional
trends and serve as a reasonable basis for long-term fire projec-
tions. Further research directions could include finer resolution
modeling to allow capturing topographic effects on climate and
better representing responses in neighboring areas with distinct
ecosystems, elaboration of fire suppression representation to
include dependence on socioeconomic and climatic conditions,
and study of the lagged responses due to fuel amount changing.

Global fire trend vs. trend at the charcoal sites. Model simulations
provide global results, whereas the charcoal-based reconstruction
is based on data collected from hundreds of isolated sites (21).
Marlon et al. (21) examined these sites in terms of geographic,
climatic, and vegetation space distribution and found that the
dataset could be considered a reasonable representation of global
biomass burning. To ensure that the modeled global fire activity
trend can be comprehensibly compared with the trend derived
from the charcoal records, we conducted analyses using only pix-
els roughly overlapping with the charcoal sites (model resolution
is 4° × 5°, whereas each charcoal site represents a much smaller
area). These results (Fig. S3) suggest that fire activity variations at
the charcoal sites reflect the global fire activity variations quite
well, in agreement with the Marlon et al. (21) analysis.

Zonal fire activity trends.The strength of the charcoal-based recon-
struction lies in good coverage of climatic zones and major
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biomes, which allows it to be considered a reasonable represen-
tation of global fire activity despite the limited number of
charcoal sites (21). Zonal reconstructions are less confident,
especially in the tropics and southern extratropics (Fig. S4a),
where site coverage is considerably scarcer than in the northern
extratropics (21). Nevertheless, these reconstructions demon-
strate differences between fire activity trends in different zones,
which are reasonably depicted by the model, especially in the
extratropics, where GISS simulations best capture reconstructed
climate variations over the last millennium (6). Similar to the glo-
bal fire activity trends, the modeled zonal trends are driven pri-
marily by precipitation during the preindustrial period (Fig. S4b).

On a global scale the model predicts a stark shift in the future
fire activity behavior. Although preindustrial variations of global
fire activity are highly influenced by precipitation (Figs. S1 and
S5a), in the future temperature becomes the dominant factor

[and because global fire activity increases despite increasing
global precipitation, fires appear correlated with precipitation
(instead of being anticorrelated)]. However, on a point-by-point
basis (Fig. S5b), both temperature and precipitation are impor-
tant: As we go to smaller scales, fire activity becomes a more
sensitive interplay of temperature, precipitation, and other fac-
tors, and the regime shift is evident only at large scales.

Data smoothing. In this work all data were smoothed with a
Savitzky–Golay (26) smoothing filter using a 200-y window [the
same window size was used in the charcoal-based reconstructions
(21)] and a third degree local polynomial regression. The main
advantage of Savitzky–Golay smoothing is that it tends to
preserve features of the data, such as peak height and width, and
is capable of retaining the overall profile for large window sizes.
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Fig. S1. Contribution of individual parameters to the global fire trend. Modeled fire activity trends with (red line) and without (gray line) direct anthro-
pogenic influence, and the contribution of each model parameter to these trends: population (magenta line) and vegetation (olive green line) densities,
precipitation (blue line), temperature (orange line), relative humidity (green line), and lightning activity (violet line; this contribution is very small). Variations
after year 2003 were calculated for the A1B scenario of the Special Report on Emissions Scenarios (SRES) (25).

Fig. S2. Modeled global annual mean fire counts and burnt areas for each year during 844–2000 CE, normalized by the long-term mean. (No smoothing was
applied to the datasets.)

Fig. S3. Global results vs. results at the charcoal sites. Modeled variations of the global fire activity (red line) and fire activity at the charcoal sites (green line),
and charcoal-based reconstruction of global fires (black line) with gray-shaded confidence interval (21). (The black dashed line indicates the increased
uncertainty in the twentieth century charcoal reconstructions.)
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Fig. S4. Zonal fire activity trends. (a) Modeled variations of fire activity (red line) and charcoal-based reconstruction of fires (black line with gray-shaded
confidence interval) (21) in the northern extratropical (>30 °N), tropical (30 °N to 20 °S), and southern extratropical (>20 °S) zones. (b) Contribution of individual
parameters to the zonal fire trends: precipitation (blue line), temperature (orange line), relative humidity (green line), population (magenta line), and vegeta-
tion (olive green line) densities. (c) GISS GCM zonal annual and summer means of the terrestrial surface temperature (orange and wine lines), precipitation
(light blue and navy lines).

Fig. S5. Covariance of preindustrial (black), present (blue), and future (red) fire activity with temperature (x axis) and precipitation (y axis), normalized by
temperature or precipitation variations (respectively). (a) Covariance of global average trends. (b) Covariance of variations in each grid cell normalized by
temperature or precipitation variations in that cell. (Lines show linear fits to covariance at all cells during each time period.) Note that the y-axis scale is inverted
(fire activity increases, as precipitation decreases).
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